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Abstract 
Zinc Oxide (ZnO) thin films were prepared by sol gel method. Zinc acetate dehydrate, Methanol and Diethanolamine were 
used as a starting material, solvent and stabilizer respectively. The influence of aging time (18, 24 and 48 hours), annealing 
temperature (300, 400 and 500 °C) and spinning speed (1500, 2500 and 3500 rpm) on crystal size and surface roughness of the 
thin films was investigated using L9 Orthogonal Array. Structural and Morphological characteristics of the films were analysed 
by Atomic Force Microscopy and X-Ray Diffractometer. Annealing temperature had 84.53 % influence on crystal size and 
81.07 % on surface roughness of the films. Grey Relation Analysis indicated that parameter levels of 48 hours, 1500 rpm and 
300 °C yields crystal size of 20.79 nm and surface roughness of 186.97 nm. 
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1. Introduction 
 
ZnO is an interesting material in research due to its wide band gap energy of 3.37 eV by Nakahara et al. (2001) 
and large exciting binding energy (60 meV) at room temperature These characteristics make ZnO thin films have 
good excitonic emission performance by Chenand Fujita (2003). ZnO thin films has been prepared by many  
techniques such as sol-gel  by Vinod Kumar et al. (2011), molecular beam epitaxy (MBE) by Pan et al. (2005), 
pulsed laser deposition by Mass et al. (2003), spray pyrolysis by Goyal and Kachhwaha(2012), RF magnetron 
sputtering by Sim et al. (2010), etc.  From all the techniques sol-gel is simple deposition technique because of easy 
fabrication of large-area films, easier adjustment of composition and to carry out doping at molecular level and low 
cost of films compared to other techniques of deposition of thin film.  
For the sol–gel derived ZnO thin films, there was threefold increase in the intensity of c-axis (0 0 2) orientation 
of ZnO films using a 3-week-aged zinc acetate solution incomparison to the freshly prepared solution by Fathollahi 
and Amini (2001), ZnO thin film prepared was aged for 24 h, the degree of the preferred crystal orientation along 
the c-axis of the ZnO thin film prepared by this aged sol was improved and this film had a very smooth surface 
with uniform grains increased by Yaoming etal. (2010), by increasing the annealing temperature from 300-500°C 
increased the crystallite size to14-28nm and crystalorientation in c-axis of the film by Raoufi D.  
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AndRaoufi T. (2009), studied that by increasing the spinning speedfrom3000-5000rpm theCrystal size decreased to 
31.9 to 25.5nmand decrease in the c-axis orientation of the ZnO film by Ilican et al. (2008). 
ZnO thin film doped with Al can detect tri-methylamine by Nanto et al. (1993) and ZnO doped with Al, In, Cu, 
Fe, and Sn shows good sensitivity to ethanol vapour by Paraguay et al. (2000). However these gases can be sensed 
only at high temperature normally 400-500°C and its selectivity is poor by Xu et al. (2000). Using the sol–gel 
technique for preparing ZnO thin films, there are still many factors affecting the physical properties of ZnO thin 
films.  
This research work includes parameters as aging of sol, post-annealing temperature and spinning speed. Here we 
have applied Taguchi robust design method on the parameters and to obtain the ZnO thin films of optimal condition 
for surface roughness and crystal size. Among these factors, the influence on film roughness and crystal size is 
mainly due to annealing temperature obtained using ANOVA. Through the Grey relation optimal technique the 
parameters were found out for crystal size and film roughness. 
2. Materials and Methods 
2.1. Experimental 
ZnO thin films was prepared using Zinc acetate Dihydrate (ZAD) as precursor, Methanol as solvent and 
Diethanolamine (DEA) as stabilizer. The 0.5M ZAD is dissolved in methanol and heated with magnetic stirrer for 
15minutes at 50°C ± 5°C temperature. After that DEA is added drop wise and is stirred for 30min at same 
temperature while maintaining the molar ratio of ZADto DEA at 1:1. The gel obtained was kept for aging at 18, 24 
and 48hrs.  The glass substrate is cleaned in the Ultrasonicator (Mark Ultrasonicator with frequency of 37 KHz) 
with methanol and acetone kept for 10minutes.Then it is cleaned with distilled water and heated to 100°C for 
10min to make the surface dry. Spin coating is done on glass substrate of speed  of 1500, 2500 and 3500 rpm for 60 
sec and is pre-heated in the aging furnace at 250°C for 15 minutes and procedure from coating to pre-heating was 
repeated for four times and is then post-annealed to 300 , 400 and 500 °C  as shown in figure 1. 
2.2 Orthogonal array and Characterization 
The number of factors and levels designates the smallest orthogonal array that is possible to use. Although this 
results in lowest resolution, it can save work operational time and costs. Larger orthogonal array, which, of course, 
provides a higher resolution potential, can give more accurate result but it requires a lot of efforts. Taguchi robust 
design method with L9 (33: 3 factors at 3 levels each) orthogonal array is the smallest orthogonal array of three 
factors at three levels, the orthogonal array of L9 was also determined by Taguchi design as shown in Table 1. L9 
means 9 experiments reduced from full factorial 33 = 27 runs. All independent variable parameters and their 
respective levels were used to determine the optimum conditions as in Table 2. 
The structure of the resulting ZnO thin films were analysed using X-ray diffraction (SHIMADZU XRD-7000) 
and average crystal size (D) was calculated by using Scherr’s formula(1) 
 
D=        (1) 
 
where  is CuKα radiation (1.54 A˚ ), 2θ scan range of 20°–70° and  is Full wave half width 
maximum(FWHM). The surface roughness of ZnO thin films was determined using the Atomic force microscopy 
as shown in table 2. 
 
2.3 Taguchi Method  
 
Taguchi method was used to determine the optimal conditions for ZnO thin films by using signal to noise (S/N) 
ratio to quantify the variation from desired value. Depending on the characteristic involved, different S/N ratios can 
be applicable, including “lower the better” (LB), “nominal is better” (NB), and “higher the better” (HB). In this 
study, crystal size and surface roughness are the performance characteristic selected as lower-the-better (ߟL). The 
S/N ratios ofߟLcan be calculated as follow: 
(2) 
Whereη denotes the observed value, that is, the calculated value of the S/N ratio (unit: dB), represents the 
measured experimental value (i.e. crystal size) and n is the repeated number of trials 
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2.4 Grey Relation 
The relationship of the sequence can be built by GRA using less data and multiple factors. Through the grey 
relational grade (GRG) obtained from the GRA, optimization of the multiple performance characteristics can be 
converted into the optimization of a single GRG. Therefore, it is suitable to provide an overall evaluation in 
considering the complicated inter-relationships among multiple performance characteristics. The data sequences of 
the lower-the better performance characteristic for surface roughness and crystal size were pre-processed 
 
 (3) 
 
Where the lower-the-better is values grey relational generation, respectively, (k) Is the k’th 
experimental results in the ith experiment, max (k) and min (k) were the maximum and minimum value of 
(k) respectively. 
Dr. Deng, larger normalized results correspond to the better performance and the best-normalized result should 
be equal to 1, Deng (1989). Then, the grey relational coefficients are calculated to express the relationship between 
the ideal (best) and the actual experimental results. The grey relational coefficient  (k) is given as, Deng(1982) 
 
 (4) 
 
Where oi is the deviation sequence of the reference sequence (xo) and the comparability sequence (xi), i.e. 
oi=||xo (k) –xi (k) ||, ζ is the distinguishing coefficient set, and ζ א [0, 1]. The value of ζ can be adjusted according 
to the actual system requirement. The ZnO deposition process parameters are equally weighted in this paper, 
therefore ζ is 0.5. maxis the largest value of oi and min is the smallest value of oi. Next, the grey relational 
grade ξ(xo, xi ) is a weighting-sum of the GRC corresponding to each performance characteristic. 
 
ξ (xo, xi ) (5) 
Where n is the number of performance characteristic. The grey relational grade shows the correlation between 
the reference sequence and the comparability sequence to be compared to. The evaluated grey relational grade 
fluctuates from 0 to 1 and equals one if these two sequences are identically coincident. 
 
 
 Figure 1 Synthesis of ZnO films by sol gel 
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Table 1 Levels of process parameters by L9 OA 
Exp.no. Aging time(hrs.) 
Spinning 
Speed(rpm) 
Annealing 
temperature(°C) 
1 18 1500 300 
2 18 2500 400 
3 18 3500 500 
4 24 1500 400 
5 24 2500 500 
6 24 3500 300 
7 48 1500 500 
8 48 2500 300 
9 48 3500 400 
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Figure 2 Surface morphology images (a) Initial process parameter, (b) Grey prediction parameter 
Figure 3 X-ray diffraction spectra of initial process parameter and grey prediction 
2θ 
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Table 2 Experimental results and S/N ratios for Crystal Size and Surface roughness for the ZnO thin films 
 
 
 
3. Results and discussion: 
 
As this thin films are further used for gas sensors it requires the crystals with the lower size to have the higher 
sensitivity on the films so that it can get more surface area required for sensing and with low roughness value 
so that more gas molecules can be adsorbed in the pores and surface of the thin films. In fig. 2 the AFM images 
for the initial process parameter showing that the crystal size is more with the roughness of 13.45nm and the 
AFM image of the grey prediction sample showing the small crystal with low roughness of the 11.97nm. In fig. 
3showing that the X-ray diffraction spectra of the ZnO thin films as shown. The diffraction peaks obtained 
between the 2θ ranges are from 25-70° with the highest peak corresponding to the (100), (002) and (101). This 
shows that the crystal structure obtained is the hexagonal wurtzite structure of ZnO and for grey prediction the 
XRD spectra is obtained with higher intensity compared to the initial process parameter i.e., with the higher 
value of the full wave half width maximum(FWHM).  
 
3.1 Influence of deposition parameters on Crystal size 
 
Fig.4(a) shows  S/N ratio increases with the aging time signifying that higher aging time yields lower crystal 
size and  the gel become thicker which is due to small molecules  start to combine with each other, hence the 
crystal size increases and the contribution of aging time is 7.26%. Fig. 4(b) S/N ratio is maximum for spin 
speed of 2500 rpm which can give the lower crystal size because by increasing the spinning speed from 1500-
2500 rpm the films will be uniformly distributed, but when the speed is further increased there will be spilling 
out of the gel from the substrate while coating showing that the film is fully distributed on the substrate giving 
the larger space for growth of the crystal hence the size increases.  Fig. 2 shows the parameter set A3B2C1 
including 48hours aging time, 2500rpm and 300°C is the best combination leading to lower crystal size. Table 
3 shows the ANOVA results for crystal size, showing that the annealing temperature was most 
influencingfactor with theeffect of 84.53 % contribution because thin film crystals are formed after annealing 
and as annealing temperature decreases the S/N ratio increases as shown in fig. 4(c), because at  lower 
temperature crystal size is smaller . As temperature increase there will be increase in the growth rate of the 
crystals along c-axis because the energy of the ZnO atom and the mobility of the electrons increases by Zhu 
et.al (2008). 
 
 
 
Exp. 
No. 
Aging 
time(hrs) 
Spinning 
speed(rpm) 
Annealing 
temperature (°C) 
Crystal 
Size(nm) 
S/N 
ratio(dB) 
Surface 
Roughness(nm) 
S/N 
ratio(dB) 
1 18 1500 300 16.74 -44.477 153.09 -43.699 
2 18 2500 400 22.53 -47.057 320.21 -50.109 
3 18 3500 500 29.65 -49.442 557.63 -54.927 
4 24 1500 400 21.09 -46.484 174.14 -44.818 
5 24 2500 500 26.54 -48.480 552.38 -54.845 
6 24 3500 300 16.91 -44.560 226.6 -47.105 
7 48 1500 500 28.92 -49.225 429.02 -52.649 
8 48 2500 300 11.49 -41.211 233.54 -47.367 
9 48 3500 400 19.29 -45.709 193.39 -45.729 
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Table 3ANOVA Results for Crystal Size 
 
Figure 4(a) S/N ratio v/s Aging time, (b)S/N ratio v/sspinning speed, (c)S/N ratio v/s Annealing temperature graph for Crystal size 
 
 
3.2 Influence of deposition parameters on Surface Roughness 
 
ANOVA for surface roughness is presented in table 4. Annealing temperature (81.07 %) had significant influence on 
surface roughness because followed by spinning speed of 14.32% contribution. Fig.5 (a) shows that S/N ratio increases 
with aging time signifying that higher aging time yields lower surface roughness. As the gel aged for the 18 hours shows 
relatively rough and non-uniform crystals. However with the increase in the aging time, surface roughness gradually 
decreases and the ZnO crystal becomes more uniform as the gel gets stable and homogenousby Yaoming et al. (2010). 
Similarly, in fig 5(b) S/N ratio is maximum for spin speed of 1500rpm which yields the lower surface roughness due to 
uniformly distribution of the film on the substrate. In fig 5 (c) annealing temperature decreases with the S/N ratio 
increases, because with the increases in temperature the growth along c-axis increases due to which the surface 
roughness increases. Fig. 5 (a)(b)(c) shows the parameter set A3B1C1 including 48hours aging time, 1500rpm and 300°C 
is the best combination leading to lower surface roughness. 
 
 
 
Factors DOF SS MS F p  P% 
Aging time(hrs.) 2 4.09 2.04 1.77 0.36 7.26 
Spin speed(rpm) 2 2.31 1.15 1 0.5 4.10 
Annealing Temperature(°C) 2 47.6 23.8 20.6 0.04 84.5 
Error 2 2.31 1.15     4.1 
Total 8 56.3       100% 
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Table 4 ANOVA results for Surface roughness 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3 Confirmation test 
In this study, both crystal size and surface roughness were considered the multiple performance characteristics, 
which can be converted into a single Grey relation grade (GRG) by Eqs. (4) and (5). The GRG for each ZnO film 
deposition experiment using the L9(34)orthogonal array was shown in Table 6. The larger the GRG, represents the 
corresponding experimental result is closer to the ideal normalized value; the better will be the multiple 
performance characteristics. Therefore, experiment 8 in the table 6 shows the highest GRG, indicating the 
parameter set of A3B2C1in orthogonal array has the best multiple performance characteristics among the nine 
experiments. Parameter set A3B2C1 from orthogonal array was chosen as the initial process parameters to compare 
with the Grey theory prediction (A3B1C1). Table 7 compares the multiple performance characteristics of the two 
parameter sets on the ZnO films process, showing the crystal size decreased from 13.45nm to 11.95nm and the 
surface roughness decreased from 235.54nm to 189.97nm, respectively. 
 
 
Factors DOF SS MS F p P% 
Aging time(hrs.) 2 1.539 0.769 0.3 0.772 1.05 
Spin speed(rpm) 2 20.96 10.48 4.02 0.119 14.32 
Annealing Temperature(°C) 2 118.6 59.33 22.77 0.042 81.07 
Error 2 5.21 2.605 3.56 
Total 8 146.3 100 
Figure 5 (a) S/N ratio v/sAging time, (b)S/N ratio v/s spinning speed, (c)S/N ratio v/s Annealing temperature graph for Roughness 
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Table 5 Grey relation values and orders of optimisation process 
 
 
Table 6 Grey results 
 
 
 
 
 
 
 
 
 
 
 
 
Table 7 Grey prediction result 
 
 
4. Conclusions  
 
The structural and morphological characteristics of ZnO thin films grown by sol-gel spin-coating method 
have been observed.  
 
The following conclusions can be drawn from the results obtained 
x XRD pattern showed that the thin films were polycrystalline wurtzite structure in nature with favourable 
orientation along (101) 
x Taguchi method has been adopted to optimize the coating parameters. ANOVA analysis established annealing 
temperature played a dominant role in deciding the quality of thin films.  
x Grey relational analysis was performed to study the multiple performance characteristics. The results were that 
the grain size decreased from 13.45nm to 11.97nm and surface roughness decreased from 233.34nm to 
189.97nm. 
 
Exp. 
No. 
Aging  
time (hrs.) 
Spinning  
speed (rpm) 
Annealing 
temperature (°C) 
 
GRG 
 
Rank 
1 18 1500 300 0.817 2 
2 18 2500 400 0.499 6 
3 18 3500 500 0.333 9 
4 24 1500 400 0.696 3 
5 24 2500 500 0.356 8 
6 24 3500 300 0.680 5 
7 48 1500 500 0.383 7 
8 48 2500 300 0.858 1 
9 48 3500 400 0.686 4 
Factors 
 LEVELS  
1 2 3 
 
Aging time(hrs.) 0.550 0.577 0.642 
 
Spin speed(rpm) 0.632 0.571 0.566 
 
Annealing Temperature(°C) 0.785 0.627 0.357 
  Crystal Size(nm) Surface roughness(nm) 
Initial process parameters 13.45 233.54 
Grey Theory Prediction 11.97 189.97 
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